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ABSTRACT
The blue compact dwarf galaxy NGC 5253 hosts a very young central starburst. The center contains
intense radio thermal emission from a massive ultracompact H ii region (or “supernebula”) and two
massive and very young super star clusters (SSCs), which are seen at optical and infrared wavelengths.
The spatial correspondence between these three objects over an area of < 0′′.5 is very uncertain,
and it is usually assumed that one of the optically-detected SSCs coincides with the supernebula.
Using the Gaia Data Release 2 catalog, we improve the absolute astrometry of Hubble Space Telescope
ultraviolet, optical and infrared images by a factor of ∼ 10 and match them to the radio observations
with an accuracy of 10–20 mas. We find that there are 3 SSCs at the center of NGC 5253. At optical
wavelengths, the two SSCs lie either side of the supernebula, which coincides with a highly obscured
region. In the infrared, all 3 SSCs are seen with the supernebula dominating at the longest wavelengths.
We examine the properties of the SSCs, which have ages of ∼ 1 Myr, are very compact (< 0.6 pc) and
separated by projected distances of only 1.5 and 5.8 pc. It seems likely that they will merge and may
form the building blocks for nuclear star clusters.
Keywords: galaxies: dwarf – galaxies: individual (NGC 5253) – galaxies: starburst – galaxies: star
clusters
1. INTRODUCTION
A high pressure environment (P/kB > 10
6 cm−3 K)
is thought to be a prerequisite for both the formation
of globular clusters (GCs) in redshift > 2 galaxies and
young super star clusters (SSCs1) in the nearby universe
(Elmegreen & Efremov 1997; Kravtsov & Gnedin 2005;
Kruijssen 2015; Elmegreen 2018). High gas pressures
are naturally found in the turbulent, clumpy, gas-rich
disks of young galaxies (Fo¨rster Schreiber et al. 2009,
2018; Elmegreen & Elmegreen 2005; Swinbank et al.
2011), or in dense infalling gas streams from cold ac-
cretion (Mandelker et al. 2018). High pressures are rare
in the quiescent disks of nearby galaxies (e.g. Kruijssen
& Longmore 2013). Instead, nearby examples of SSCs
are usually confined to galaxy mergers, starburst dwarf
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lsmith@stsci.edu
1 defined as clusters with masses > 105 M
galaxies and nuclear regions of galaxies where pressures
are high (Portegies Zwart, McMillan, & Gieles 2010).
The blue compact dwarf galaxy NGC 5253 is a good
example of SSC formation in nearby galaxies. It has a
metallicity of 12+log O/H= 8.26 or 37% solar (Monreal-
Ibero, Walsh, & Vı´lchez 2012) (using the solar oxy-
gen abundance of 12 + log O/H= 8.69; Asplund et al.
(2009)) and hosts a very young central starburst. There
is a rich population of SSCs in the central starburst
and surrounding 300 pc region (de Grijs et al. 2013;
Calzetti et al. 2015). The current starburst is gener-
ally accepted to be triggered by infalling material along
the minor axis, detected in CO(2-1) (Meier et al. 2002;
Miura et al. 2018) and H i (Kobulnicky & Skillman 2008;
Lo´pez-Sa´nchez et al. 2012). External gas infall has been
investigated by Verbeke et al. (2014) and their simula-
tions show that an infall can trigger a starburst in blue
compact dwarf galaxies.
The center of NGC 5253 has been extensively studied
from radio to X-ray wavelengths. Beck et al. (1996)
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discovered intense radio thermal continuum emission
from a massive ultracompact H ii region ionized by a
young SSC. This radio source was resolved and termed
the “supernebula” (Turner, Beck, & Ho 2000; Turner
& Beck 2004). In the infrared (IR), Alonso-Herrero
et al. (2004) identified a double nuclear star cluster from
HST/NICMOS observations. The properties of these
two clusters were investigated by Calzetti et al. (2015)
using photometry from 13 HST bands covering the far-
ultraviolet (FUV) to the IR.
Observations of the molecular content of NGC 5253
show that CO emission is mainly confined to the in-
falling streamer along the minor axis and the central
starburst region (Meier et al. 2002; Miura et al. 2015;
Turner et al. 2015, 2017; Miura et al. 2018). Unusually
high star formation efficiencies (SFEs) of 35–80% have
been found by these authors for the central region.
The spatial correspondence between the radio “su-
pernebula” and the two optical/IR clusters is very un-
certain because of the need for exquisite absolute as-
trometry over an area of < 0′′.5. The absolute astrom-
etry of HST is limited by the accuracy of Guide Star
Catalog II (Lasker et al. 2008) to 0′′.1–0′′.3 (Koekemoer
et al. 2006). With the publication of Gaia Data Release
2 (DR2) (Gaia Collaboration et al. 2016, 2018), it is now
possible to match the HST imaging with the radio ob-
servations to reveal the cluster content of the center of
NGC 5253.
In this paper, we re-map HST images of the center of
NGC 5253 to the Gaia DR2 reference frame and success-
fully match the radio to the optical and IR observations
with an accuracy of < 20 mas. In Section 2, we de-
scribe the radio, IR and optical views of the center. In
Section 3, the re-mapping of the HST data is described
and the absolute astrometry is compared with the radio
data. We also examine the size of the clusters from the
HST imaging. In Section 4, we discuss the properties of
the clusters, and present our conclusions.
Distances in the literature for NGC 5253 range from
3–4 Mpc. We adopt the most recent distance measure-
ment to NGC 5253 of 3.32± 0.25 Mpc determined from
the tip of the red giant branch (Sabbi et al. 2018). At
this distance, 0′′.1 = 1.6 pc.
2. THE CENTER OF NGC 5253 AS SEEN AT
DIFFERENT WAVELENGTHS
2.1. The radio view
The deeply embedded ultracompact H ii region (Beck
et al. 1996) at the center of NGC 5253 has been ex-
tensively studied with the Very Large Array (VLA)
and the Atacama Large Millimeter/Submillimeter Ar-
ray (ALMA). Turner et al. (2000) observed this source
at 1.3 and 2 cm with the VLA and found one dominant
radio source, which they termed the “supernebula”, and
a secondary source 0′′.23 to the East detected only at
1.3 cm. The supernebula was resolved by Turner & Beck
(2004) at 7 mm to have a bright core with a FWHM size
of 99± 9× 39± 4 mas or 1.59× 0.63 pc for our adopted
distance. They derive a density for the bright core of
3–4×104 cm−3 and a flux of ionizing Lyman continuum
photons for the bright core of 1.4 × 1052 s−1. The co-
ordinates of the supernebula core and secondary source
are given in Table 1.
Turner et al. (2017) and Consiglio et al. (2017) present
ALMA CO(3-2) observations of NGC 5253. They find
a number of dense clouds within the central ∼ 100 pc
starburst region, previously identified as “Cloud D” by
Meier et al. (2002). Turner et al. (2017) focus on the
compact “Cloud D1” which is very nearly coincident
with the supernebula (see coordinates in Table 1; off-
set is 35 mas or 0.56 pc in projection). They derive a
size for D1 of 220 ± 33 × 100 ± 54 mas or 3.5 × 1.6 pc
and find a virial mass from the CO line width of ∼
2.5 ± 0.9 × 105 M. They suggest that Cloud D1 con-
sists of hot molecular clumps or cores associated with
the stars in the embedded supernebula cluster. They
associate D1 with the supernebula on the basis of their
close spatial and velocity coincidences. They also find
that D1 is optically thin in CO(3-2) suggesting it is hot.
Miura et al. (2018) present deep, high resolution
ALMA CO(2-1) observations of NGC 5253 and identify
118 molecular clouds. Although they reserve the details
of the starburst region to a future paper, they note that
the clouds near the central starburst have large veloc-
ity widths, high gas surface densities, and high thermal
pressures of P/kB & 106–107 cm−3K.
Bendo et al. (2017) have observed H30α emission with
ALMA and find a very bright central peak with a de-
convolved angular size of ∼ 0′′.15 or 2.4 pc.
2.2. The infrared view
Alonso-Herrero et al. (2004) presented HST/NICMOS
observations of the central region of NGC 5253 and dis-
covered a double nuclear star cluster separated by 0′′.3–
0′′.4 that appears to be coincident with the primary and
secondary radio sources of Turner et al. (2000). Turner
& Beck (2004) also compare their 7 mm radio image with
the NICMOS data and suggest that the western cluster
is probably coincident with the supernebula, although
they note that the absolute pointing accuracy of HST
(∼ 1′′ at the epoch of the observations) is inadequate to
register the two sets of images.
In a recent paper, Cohen et al. (2018) present obser-
vations of Brα 4.05µm emission across the superneb-
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Table 1. Coordinates of central sources in NGC 5253
Reference Designation RA Dec Accuracy Telescope Wavelength
(J2000) (J2000) (mas)
Turner et al. (2000) Supernebula 13 39 55.964 −31 38 24.38 ±10 VLA 2, 1.3 cm
Secondary-East 13 39 55.982 −31 38 24.37 ±10 VLA 1.3 cm
Turner & Beck (2004) Supernebula Core 13 39 55.9631 −31 38 24.388 ±4 VLA, Pie Town 7 mm
Turner et al. (2017) Cloud D1 13 39 55.9651 −31 38 24.364 ±6 ALMA CO(3-2)
Calzetti et. al. (2015) Cluster 5 13 39 55.986 −31 38 24.54 100–300 HST/HRC Hα
Cluster 11 13 39 55.951 −31 38 24.45 100–300 HST/NICMOS Pα
This paper Cluster 5 13 39 55.9914 −31 38 24.399 ±12 HST/HRC F814W
Cluster 11 13 39 55.9568 −31 38 24.339 ±12 HST/HRC F814W
ula and K-band imaging from the slit-viewing camera
at a resolution of 0′′.1 taken with NIRSPEC on the
Keck II telescope in adaptive optics mode. They investi-
gate the relative positions of the two optical/IR clusters
and the supernebula by aligning clusters in the field of
view of the K-band image with the HST F814W image
and the VLT and ALMA radio images (Turner & Beck
2004; Turner et al. 2017). At the longer wavelengths,
they assume that the supernebula is responsible for the
free-free emission and the K-band peak. These relative
alignments (accurate to ±50 mas) show that neither of
the two optical/IR clusters are coincident with the su-
pernebula, but are offset by 0′′.35 and 0′′.14.
2.3. The optical view
Calzetti et al. (2015) present an HST-based study of
the brightest young star clusters in NGC 5253. They de-
rive the properties of the two nuclear clusters (#5 and
#11 in their terminology) by fitting spectral energy dis-
tributions (SEDs) using photometry from 13 HST filters
covering the far-UV to the IR. They find that the two
clusters are extremely young with ages of 1±1 Myr and
have masses of 7.5±0.3×104 and 2.5±0.6×105 M for
#5 and #11 respectively. The western cluster #11 is
heavily reddened and a combination of a homogeneous
dust-star mixture and a foreground dust screen is re-
quired for the SED fit, while the cluster #5 SED can be
fit with a foreground screen. Calzetti et al. (2015) define
the positions of clusters #5 and #11 as corresponding
to the peaks of the Hα and Pα emission respectively.
They find that the two clusters are close to the primary
and secondary radio sources detected by Turner et al.
(2000) and probably coincident, given the uncertainty
of HST absolute astrometry (Table 1).
Smith et al. (2016) examined HST ultraviolet and
Very Large Telescope optical spectroscopy of cluster #5
and confirmed the young age of 1− 2 Myr, and showed
that very massive stars (> 100M) must be present to
explain the stellar features and high ionizing flux.
3. THE MULTI-WAVELENGTH VIEW OF THE
CENTER OF NGC 5253
3.1. Remapping of the HST images
We now consider the spatial correspondence between
the clusters identified at radio, IR and optical wave-
lengths by re-mapping them to the Gaia reference frame.
In Table 2, the HST images are listed for which we
have remapped the astrometry to the Gaia DR2 (Gaia
Collaboration et al. 2016, 2018) reference frame. The
registration was performed using the DrizzlePac2 func-
tion tweakreg, which aligns sources found in an input
HST image (ACS/WFC F814W) to positions from a ref-
erence catalog (Gaia DR2). The ACS/WFC F814W im-
age was used as input because of its larger field of view
compared to ACS/HRC.
Proper motions were applied to the source positions
to correct for the difference in epoch between Gaia and
the ACS F814W observations (9.5 yr). We filtered out
sources giving poor residuals in the overall alignment
by considering the normalized proper motions (proper
motion divided by the standard uncertainty in proper
motion as listed in the Gaia DR2 catalog). We empiri-
cally determined the best threshold for the normalized
proper motions as ≥ 0.5 to minimize the residuals given
by tweakreg over the whole WFC F814W image. The
World Coordinate System (WCS) of the F814W image
was then recalculated using the transforms derived from
the alignment. With 65 Gaia sources within 4 arcmin of
the center of NGC 5253, we find that the alignment ac-
curacy is ±10 mas from the residuals. The ACS/HRC
and NICMOS/NIC2 images were then aligned to the
2 http://www.stsci.edu/scientific-community/software/drizzlepac
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Table 2. HST Archive Images of NGC 5253
Instrument/ Drizzled Pixel Size Filter Exposure Time Date of GO
Camera (arcsec) (s) Observation Program
ACS/WFC 0.04 F814W 2360 2005 Dec 27 10765
ACS/SBC 0.025 F125LP 2660 2009 Mar 07 11579
ACS/HRC 0.025 F330W 1796 2006 Feb 20 10609
F435W 600 2006 Feb 20 10609
F550M 800 2006 Feb 20 10609
F658N 240 2006 Feb 20 10609
F814W 368 2006 Feb 20 10609
NICMOS/NIC2 0.04 F110W 96 1998 Jan 04 7219
F160W 96 1998 Jan 04 7219
F187N 256 1998 Jan 04 7219
F190N 256 1998 Jan 04 7219
F222M 640 1998 Jan 04 7219
transformed ACS/WFC F814W image (and hence Gaia
DR2) using as many sources in the images as possible.
For ACS/HRC, we used 150 sources on average, and the
alignment is accurate to ±12 mas. The NICMOS/NIC2
images were aligned using 100 sources on average, and
the alignment is ±20 mas.
In Fig. 1, we show the ACS/HRC F435W, F550M,
F814W image and the NICMOS/NIC2 F110W, F160W,
F222M image of the central region of NGC 5253 mapped
onto the Gaia DR2 reference frame. The NICMOS im-
age is oversampled with a pixel size of 0′′.04 (Table 2)
The two clusters (#5 and #11), the supernebula posi-
tion and size, and the CO cloud D1 position and size
((Turner & Beck 2004; Turner et al. 2017) are shown. It
is immediately obvious from the HRC image in Fig. 1(a)
that cluster #11 is not coincident with the supernebula
or the CO cloud D1. Both of these radio sources lie in
a highly obscured region between clusters #5 and #11.
We thus find that there are 3 clusters at the center of
NGC 5253. There appears to be no cluster coincident
with the 1.3 cm radio source.
The sources visible in the NICMOS image Fig. 1(b)
are wavelength dependent. Cluster #5 is bright in the
F110W filter, which contains Pβ nebular emission. The
supernebula or embedded cluster is apparent at F160W
and dominates in the F222M band where it is unresolved
with a radius < 1.6 pc. Cluster #11 is clearly present
in the F110W and F160W images but is much fainter in
F222M compared to the supernebula and is not resolved
from this source. We thus recognize 3 different sources
at the NICMOS wavelengths. Most previous work has
associated cluster #11 with the supernebula. This ex-
plains the finding by Calzetti et al. (2015) that clus-
ter #11 is a factor of 2–2.5 brighter in the F110W and
F160W bands than predicted by their SED fits. They
attribute this excess flux to hot dust emission associated
with #11. It is now clear that the supernebula is con-
tributing in the NICMOS bands and becomes the domi-
nant source in the F222M band. Cohen et al. (2018) ob-
tained K-band imaging at 0′′.1 resolution with Keck II
and associate the hot dust emission with the superneb-
ula rather than cluster #11.
3.2. Sizes of the HST clusters
The sizes of the two HST clusters (#5 and #11) have
not been measured before. To do this, we use similar
methods to those in Ryon et al. (2015, 2017). We char-
acterize the two-dimensional light profiles of the clus-
ters with the fitting package GALFIT (Peng et al. 2002,
2010). We use the ACS/HRC images because they have
the highest resolution (native pixel scale of 0′′.025) and
are thus most likely to resolve the clusters if they are
extended relative to the point spread function (PSF).
The F814W filter was chosen because it is least likely
to be affected by dust, though it does contain nebu-
lar emission. We also obtained an F814W image from
Calzetti et al. (2015) that has had the nebular emission
subtracted.
GALFIT produces a model fit by convolving a model
image with a provided PSF and comparing the result
to the observed data. We create a stellar PSF from
several bright, isolated stars in the F814W image by
using pstselect and psf within DAOPHOT in IRAF.
We oversample the empirical PSFs by a factor of 10.
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Figure 1. (a) ACS/HRC F435W, F550M, F814W image and (b) NICMOS/NIC2 F110W F160W, F222M image of the central
region of NGC 5253. The NICMOS image is oversampled with a pixel size of 0′′.04. The optical/IR clusters #5 and #11 are
indicated by black circles and the radii denote the astrometric uncertainty (see Table 1). The sizes of the 7 mm radio source
or supernebula (Turner & Beck 2004) and compact CO cloud D1 (Turner et al. 2017) are shown as green and mauve ellipses
respectively. The small circles at the centers of these ellipses indicate the central positions of the sources and the radii of the
circles represent the astrometric uncertainty as given in Table 1. The position of the 1.3 cm source (Secondary-East) of Turner
& Beck (2004) is shown in cyan. The white circles indicate the FWHM spatial resolution of the images with the radii indicated.
For (b), the radii are given for the F110W, F160W and F222M filters respectively.
Table 3. Revised Properties of the Central SSCs in NGC 5253
Parameter Cluster #5 Cluster #11 Supernebula References
Age (Myr) 1± 1 1± 1 < 1 2,2,1
Mass (M) 7.5± 0.3× 104 2.5± 0.6× 105 2.5± 0.9× 105 2,2,3
Radius (pc) < 0.6 . 0.6 0.80× 0.32 1,1,4
AV (mag) 1.4 (foreground) 50 (mixed) embedded 2,2,4
Projected separation (mas, pc) 362, 5.82 94.2, 1.52 0, 0 1,1,1
References—1. This paper, 2. Calzetti et al. (2015), 3. Turner et al. (2017) , 4. Turner & Beck
(2004)
The region containing clusters #5 and #11 is com-
plex. With GALFIT, we attempt a range of models
including single and multiple components. These com-
ponents consist of the EFF (or Moffat) light profile,
which has been shown to describe the light profiles of
resolved young star clusters very well (e.g. Elson, Fall,
& Freeman 1987; Mackey & Gilmore 2003), and/or the
empirical PSF to represent the clusters of interest and
other features within 20 to 30 pixels. Many GALFIT
runs failed or did not converge, likely due to the com-
plex nature of the region. Overall, we find that cluster
#5 is indistinguishable from the PSF in either image
and thus is unresolved. The ACS/HRC F814W stel-
lar PSF has a FWHM of 2.9 ± 0.1 pixels, which cor-
responds to an upper limit to the half-light radius of
Reff < FWHM/2 < 1.45 pixels, or < 0.58 ± 0.05 pc at
the distance of NGC 5253. Cluster #11 appears more
elongated than the stellar PSF, but it suffers from higher
and more complex extinction than cluster #5 (Sec 2.3;
Calzetti et al. 2015). The few EFF profile fits to cluster
#11 that converged did not appear to match the actual
structure of the cluster or had unphysical effective radii.
Therefore, we cannot reliably estimate the size of cluster
#11 using GALFIT. Because it appears close in size to
the stellar PSF, we will assume it is < 0.6 pc.
4. DISCUSSION AND CONCLUSIONS
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We have established through re-mapping the HST im-
ages to the Gaia reference frame that there are 3 SSCs
at the center of NGC 5253. The properties of these
clusters are summarized in Table 3. The age of the cen-
tral starburst is often given in the literature as 3–5 Myr,
based on the presence of broad Wolf-Rayet (W-R) stellar
emission features in the optical spectrum of the central
region of NGC 5253 (Schaerer et al. 1997; Monreal-Ibero
et al. 2010). Calzetti et al. (2015) derived much younger
ages for clusters #5 and #11 of 1±1 Myr using 13 band
HST photometry. These ages appeared to contradict the
presence of W-R features but Smith et al. (2016) showed
that the W-R features in the UV and optical spectra of
cluster #5 arise from hydrogen-rich very massive stars
with masses > 100 M at an age of 1–2 Myr. Given that
#5 and #11 are 1± 1 Myr old, it seems likely that the
supernebula is even younger. The supernebula is still
embedded in its natal material with molecular CO (3-2)
gas in the form of cloud D1 (Turner et al. 2017). How-
ever, clusters #5 and #11 have no detected CO (3-2),
suggesting that they are older. Cluster #11 in particu-
lar is noteworthy in having no detected CO (3-2) mate-
rial, given that it is has a large dust component which
is mixed in with the stars (Calzetti et al. 2015). We
thus suggest in Table 3 that the age of the supernebula
is probably < 1 Myr and the embedded cluster is still
potentially forming.
Turning now to the cluster masses, the masses for clus-
ters #5 and #11 are from the SED fitting of Calzetti
et al. (2015). We note that although we find that the
supernebula is contributing to the IR photometry mea-
sured by Calzetti et al. (2015) for #11, the mass derived
by these authors should still be accurate because they
could not fit the excess IR flux. They find that #11 is
anomalously bright by a factor of 2–2.5 at F110W and
F160W than predicted by their best fitting models cov-
ering the FUV to the IR. The mass for the supernebula
in Table 3 is the virial mass measured from the width
of the CO(3-2) emission from Turner et al. (2017). The
masses of cluster #11 and the supernebula are remark-
ably similar and may suggest that this is the maximum
cluster mass that can be formed in the conditions of the
central environment.
Clusters #5 and #11 are unresolved and have upper
limits of 0.6 pc for their half-light radii. The supernebula
is resolved (Turner & Beck 2004) but this size refers to
the ultracompact H ii region and not the central ionizing
cluster. The upper limits to the radii are in accord with
those expected for very young massive clusters, which
are usually very compact. In a study of the star clusters
in M51, Chandar et al. (2016) find that the most com-
pact clusters are < 10 Myr old with typical half-light
radii of 1.3 pc for masses > 6 × 104 M. Leroy et al.
(2018) find FWHM sizes of 2–3 pc for knots of dust
emission associated with 14 forming SSCs in the nuclear
starburst of NGC 253 from ALMA observations.
Overall, cluster #11 appears to be a twin of the su-
pernebula in terms of the mass and high dust content.
They have formed very close together with a small pro-
jected separation of 1.52 pc. Cluster #11 appears to be
slightly older because it is not embedded and is visible
as a cluster at UV and optical wavelengths. It, more-
over, appears to have no detectable CO(3-2) unlike the
supernebula.
Finally, we consider the fate of the three nuclear SSCs
at the center of NGC 5253. Nuclear star clusters are
found in at least 70% of all galaxies (Bo¨ker et al. 2002).
Two main formation mechanisms are usually considered:
in-situ formation at the galactic center from infalling
gas or migration of stellar clusters to the center (e.g.
Antonini, Barausse, & Silk 2015). In NGC 5253, we
are clearly witnessing the formation of massive clusters
at the center from infalling gas. Given that they are
in the potential well of the galaxy, it seems likely that
they will merge, given their close proximity and similar
radial velocities (Cohen et al. 2018). These very young
SSCs may therefore be the building blocks for nuclear
star clusters.
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